Objectives: To develop a simple gold nanoparticle (AuNP)-based colorimetric test, GoldNano Carb (GoldC), for detecting carbapenemase production in Gram-negative bacteria, compared with updated Carba NP (CNP) and CarbAcineto NP (CAcNP) tests by using PCR methods as gold standard.
Introduction
Carbapenemase-producing Gram-negative bacteria, particularly Enterobacteriaceae, Pseudomonas aeruginosa and Acinetobacter baumannii, are of global concern due to limited therapeutic options. Rapid carbapenemase detection is therefore needed for appropriate patient management and hospital infection control. Clinically important carbapenemases belong to molecular class A (e.g. KPC), class B or metallo-b-lactamases (MBLs) (e.g. IMP, VIM and NDM) and class D (e.g. OXA-23, OXA-48 and OXA-58). 1 In 2012, the Carba NP test (CNP) was developed by Nordmann et al. 2 for rapid carbapenemase identification by the use of imipenem as a substrate and phenol red as a pH indicator for detecting acid products resulting from the hydrolysis of imipenem. Prior to performance of this test, a 30 min b-lactamase extraction using a commercial lysis solution (B-PERII, Thermo Scientific Pierce, Rockford, IL, USA) is required. However, the CNP was later modified by the direct use of bacterial cell suspension in the lysis solution without the 30 min incubation (updated version of the CNP). 3 This test is now rapid and does not require any special equipment, but the bacterial lysis solution is still needed.
Currently, the CNP has been recommended by the CLSI and extensively validated worldwide in Enterobacteriaceae, P. aeruginosa and Acinetobacter spp. 4, 5 It showed high sensitivity of .90% for detecting class A carbapenemases and MBLs, but low sensitivities of 11% or 72.5% for OXA carbapenemases, and some IMP enzymes have also been reported. 4, 6 The test gave excellent specificity of .90%. The OXA-type carbapenemases are probably the most difficult to detect because of their low hydrolysis activity and the lack of any available inhibitors. 7 In addition, some OXA-48-like variants lacking carbapenemase activity, such as OXA-163, OXA-247 and OXA-405, were falsely identified as bla OXA-48-like by the PCR method. 8 To increase the sensitivity of the CNP for detecting carbapenemases with weak activity, various bacterial lysis solutions, such as 5 M NaCl and 1% Triton X-100, have been applied. 9, 10 With these modifications, CNP-based methods provided higher sensitivity. However, another inconvenience of CNP-based tests is that the imipenem solution must be freshly prepared and this is wasteful when only a few samples are tested. Therefore, a simple, rapid, cheap and highly sensitive phenotypic method for detecting all carbapenemase types, including OXA type, in various Gramnegative bacteria is still needed.
Gold nanoparticles (AuNPs) are highly effective as a visual detection tool because of their unique optical properties. Dispersed AuNPs with sizes of 10-30 nm appear red; however, when the interparticle distance is decreased or the particles are aggregated they appear blue. The surface of AuNPs synthesized by the use of citrate as a capping agent (citrate-capped AuNPs) is negatively charged. Under decreased pH conditions, citrate is fully protonated and the number of surface negative charges is reduced. 11, 12 This results in the aggregation of the citrate-capped AuNPs, thus causing a colour change from red to blue. Based on this property, the AuNP has a potential to be used as a pH indicator for phenotypic carbapenemase detection. The decreased pH due to the presence of acid products from the hydrolysis of imipenem by carbapenemases leads to the aggregation of the AuNPs, causing a colour change from red to purple, blue or green (positive reaction) (Figure 1 ). On the other hand, the colour remains red (negative reaction) in the absence of acid products. We therefore developed a simple AuNP-based colorimetric method, named GoldNano Carb (GoldC), for detecting carbapenemases, including those with weak activity in Enterobacteriaceae, P. aeruginosa and Acinetobacter spp., and compared it with the updated CNP. In addition, detection of carbapenemases in Acinetobacter spp. isolates by the GoldC and CarbAcineto NP (CAcNP) tests was compared. 
Materials and methods

Bacterial isolates
Synthesis of AuNP solution
The AuNP solution was prepared by the citrate reduction method described by Hill and Mirkin 19 with some modifications. Briefly, 1 g of hydrogen tetrachloroaurate (III) trihydrate (HAuCl 4 ) (Sigma-Aldrich, St Louis, USA) was dissolved in 2.5 mL of distilled water (DW), thus yielding 1 M HAuCl 4 , which was used as a stock solution and kept in the dark at room temperature. A volume of 100 mL of 1 mM HAuCl 4 in an Erlenmeyer flask was boiled on a hotplate with stirring. After vigorous boiling, 10 mL of 38.8 mM sodium Figure 1 . Principle of the GoldC test. The test is based on hydrolysis of the b-lactam ring of imipenem by carbapenemases, resulting in an acid product. In the presence of acid, the repulsive force between the AuNPs is eliminated, and thus the inter-particle distance is decreased. This leads to AuNP aggregation, which can be detected by the change of AuNP solution from red to purple, blue or green (positive). The AuNP solution remains red (negative) in the absence of acid production. This figure appears in colour in the online version of JAC and in black and white in the print version of JAC.
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citrate (VWR International Ltd, Poole, UK) was immediately added. The mixture was kept boiling for 15 min or until the solution had turned from yellow to deep red. The AuNP solution was allowed to cool at room temperature and adjusted to a final volume of 100 mL with DW. It was then stored in the dark at 4 C for 6 months 20 or discarded when its colour turned to purple or blue. Following this protocol, the synthesized colloidal AuNPs had an average diameter of 12.572+1.435 (mean + SD) nm as determined by transmission electron microscopy (TEM) (FEI Tecnai G220, Hillsboro, OR, USA) and measured (100 particles) by ImageJ software (version 1.48v) (Figure 2) .
Carbapenemase detection by the CNP, CAcNP and GoldC tests
The final concentration of imipenem (imipenem/cilastatin, MSD) was 5 mg/mL for all three tests. The CNP was performed for the 188 isolates and interpreted as described previously, 3 whereas the 30 carbapenemaseproducing Acinetobacter spp. were also tested by the CAcNP. 9 For the GoldC, two 1.5 mL microcentrifuge tubes (Sorenson BioScience, Salt Lake, UT, USA), each containing 30 lL of DW, were designated as control (A) and test (B) tubes. Half of a 10 lL loopful of bacterial colonies grown on MuellerHinton agar (MHA) (Oxoid, Basingstoke, UK) at [35] [36] [37] C for 18-24 h was suspended in each tube. Two milligrams of imipenem/cilastatin powder was added to tube B and mixed well. Then, 170 lL of the AuNP solution was added to each tube and mixed for 5 s before 2 h of incubation at room temperature. The reaction was read within the first 1-5 min and then every 10 min for 2 h. The results were interpreted as follows: (i) red in tube A and purple, blue or green in tube B indicated a carbapenemase producer; (ii) red in both tubes indicated a non-carbapenemase producer; and (iii) purple, blue or green in both tubes indicated an invalid result. Ambiguous results of the GoldC or CNP test were repeated by using heavy inocula (one 10 lL loopful). 21 
Results and discussion
Using the PCR methods as the gold standard, the GoldC test detected 98 of the 99 carbapenemase producers within 1-80 min, whereas 88 isolates were CNP-positive within 1-120 min, thus providing sensitivity of 99.0% and 88.9%, respectively (Table 1 and Figures 3 and 4) . In addition, weakly positive reactions were seen in 4 of the 98 isolates (4.1%) and 15 of the 88 isolates (17.0%) for the GoldC and CNP, respectively, and all of them were OXA-23-like-, OXA-58-like-and OXA-72-like-producing Acinetobacter spp. isolates. The low number of weakly positive results obtained with the GoldC facilitates easy interpretation. Interestingly, the GoldC identified 66 of the 99 isolates (66.7%), including 13 OXA carbapenemase producers (13.1%), after only 5 min of incubation (Figure 4) . Subsequently, the detection rates of the GoldC increased to 80.8% (80 isolates) and 91.9% (91 isolates) at 10 and 30 min, respectively, whereas those of the CNP were 25.3% (25 isolates) and 64.7% (64 isolates) at 5 and 30 min, respectively. In the present study, the sensitivity of the CNP (98.6%) was comparable to that of the GoldC (100%) for the CPE and Pseudomonas spp. isolates. However, the GoldC detected 76.8% of them after 5 min of incubation, whereas only 36.2% were CNP-positive at the same time ( Figure 5 ).
The GoldC failed to detect an OXA-23-like-producing A. baumannii isolate (imipenem and meropenem MICs of 16 and 32 mg/L, respectively), whereas 11 isolates giving false negatives by the CNP included 10 Acinetobacter spp. isolates producing OXA-23-like (7 isolates), OXA-72-like (2 isolates) and NDM-1 (1 isolate), and 50 nm GoldNano Carb test JAC 1 IMP-14a-producing P. aeruginosa isolate. False negative results may be due to low carbapenemase activity of OXA-23, OXA-72 or IMP-14a, 7, 22 whereas those found in one NDM-1-producing A. baumannii isolate by the CNP may be because of low-level enzyme expression in this host or the unknown impact of different genetic backgrounds. 23 Dortet et al. 9 recommended the CAcNP using 5 M NaCl (no buffer system) to provide higher sensitivity for detecting carbapenemases in Acinetobacter spp. Of the 28 OXA-and 2 NDM-1-producing Acinetobacter spp. isolates, 29 (96.7%) and 28 (93.3%) were positive by the GoldC and CAcNP, respectively ( Figure 5 ). Our results support the high efficiency of the CAcNP for identifying carbapenemases in Acinetobacter spp. However, the detection times of the GoldC (43.3% positive within 5 min) were obviously faster than those of the CAcNP (20.0% positive within 30 min) ( Figure 5 ). In addition, the GoldC provided weakly positive results (4/29 isolates, 13.8%) less frequently than the CAcNP (8/28 isolates, 28.6%). Therefore, the GoldC showed excellent performance for identifying carbapenemases including OXA and possibly other carbapenemases with low hydrolysis activity in Acinetobacter spp.
In the present study, only one false positive from a CTX-M-1-like-producing Enterobacter spp. isolate was observed by both GoldC and CNP, thus giving 98.9% specificity (Table 1) . This isolate had MICs of 4, 4 and 8 mg/L for ertapenem, imipenem and meropenem, respectively. It was positive in the modified Hodge test (MHT) but gave negative results with both phenylboronic acidcarbapenem and EDTA-carbapenem combined disc tests for class A carbapenemase and MBL phenotype detection, respectively (data not shown). Misidentification of carbapenemase production by the MHT has also been reported. 24 In addition, false positives due to very weak carbapenemase activity of ESBLs or pAmpCs were observed by the RAPIDEC CARBA NP. 25, 26 However, it should be noted that this isolate gave positive reactions at 10 and 60 min by the GoldC and CNP, respectively. Therefore, the presence of a novel carbapenemase in this isolate could not be excluded and further investigation is needed.
The GoldC had excellent sensitivity in the detection of class A and B carbapenemases (100%) and class D carbapenemases (97.4%), with a detection time of 1-80 min. This method has several advantages. Firstly, no lysis solution is required, making Srisrattakarn et al.
it convenient. Secondly, the AuNPs are highly sensitive to slightly decreased pH; 11 thus, the positive reaction is mostly fast and strong. Thirdly, imipenem/cilastatin powder was added directly to the bacterial suspension and it could be weighed roughly by using a 3 mm diameter ear spoon (one spoon of the powder is 2 mg), as suggested previously. 13 Therefore, it is user friendly and economical because of no requirement for freshly prepared imipenem solution and no waste solution. Lastly, the GoldC cost $0.25 per test ($200 for 1 g of HAuCl 4 and $15 for 1 g of iv imipenem/cilastatin) compared with $1 for the CNP, $5 for the RAPIDEC CARBA NP, $4.86 for the Rapid CARB Screen, $7 for the OXA-48 K-SeT and $0.65 for the carbapenem inactivation method (CIM). 5, [27] [28] [29] [30] The GoldC cost is 25% of that of the CNP. Therefore, the GoldC is rapid, easy to perform and interpret, cheap and highly sensitive for carbapenemase detection in routine laboratories.
Although the AuNP solution has a long shelf life of at least 6 months, this solution is not as easy to prepare as phenol red. In addition, the AuNPs are highly sensitive to the surrounding environment, such as acid or salt, which may cause false positives. However, plasticwares such as microcentrifuge tubes and autopipette tips from various manufacturers are generally standardized to be free from acid and salt. Since the quality of the synthesized AuNP solution is affected by the cleanness of glassware, we soaked it in 5% in-house aqua regia cleaning solution overnight, cleaned and rinsed copiously with DW prior to use. 31 To overcome this inconvenience, we performed the GoldC by using a commercial 30 nm AuNP solution (Microspheres-Nanospheres, New York, USA) and found that its colour was slightly changed in the presence of carbapenemase activity, the test thus being difficult to interpret (data not shown). This suggested that the solution may contain a buffer system or the particle size was not appropriate, since the 12 nm sized AuNP was found to be the most efficient among the various sizes studied (2, 7, 12 and 20 nm). 32 The GoldC test with the use of commercial AuNP solution with smaller sizes and no buffer system should be further evaluated. Another recommendation for GoldC testing is that the imipenem powder must not be mixed with the AuNP solution before use. This is because the drug is labile, thus changing the solution from red to purple or blue. Furthermore, reddish purple in tube A and red in tube B may be seen in few cases of non-carbapenemase producers. The reddish purple in tube A was due to the presence of acid in some isolates, whereas this acid in tube B was neutralized by bicarbonate (NaHCO 3 ), a buffer in the imipenem/cilastatin for injection. 33 This study had some limitations that should be noted: (i) although our clinical isolates were of different strains, most of them were collected from one hospital only; (ii) small sample sizes or no samples were obtained for some carbapenemase types (e.g. KPC, VIM, OXA, GES-2, GES-5) due to the prevalence of carbapenemase types in each area; and (iii) no OXA-48-like variants lacking carbapenemase activity, such as OXA-163, OXA-247 and OXA-405 or non-carbapenemase GES type, were enrolled in this study. Although the variants of the globally prevalent KPC and VIM enzymes in this study were limited, they have hydrolysis activity on imipenem similar to that of the NDM-1 enzyme, 34, 35 suggesting the ability of the GoldC to detect these enzymes. Further evaluation of the performance of the GoldC in other areas with different carbapenemase types is needed.
In conclusion, the GoldC test is fast, convenient, inexpensive and highly sensitive for detecting carbapenemases, including OXA types and possibly novel enzymes, among various Gram-negative bacteria in resource-limited settings or large-scale testing. A rapid carbapenemase test with high sensitivity and specificity is an initial approach for effective infection control or epidemiological studies. GoldNano Carb test JAC
